Purpose To assess the diagnostic effectiveness of Multiparametric ultrasound (MPUS), which includes color Doppler ultrasound (CDUS), CEUS and Shear wave elastography (SWE), for evaluating carotid plaque as compared with CT-angiography (CTA) and histology. Materials and methods Forty-three consecutive patients scheduled to undergo carotid endarterectomy underwent MPUS. Then, after periods ranging from 2 days to 2 weeks, all underwent CTA. Each plaque was classified by means of dedicated scores for CEUS and SWE as compared with CTA features. At surgery, each plaque was removed in a single fragment to facilitate histological analysis, which evaluated 4 features: extension of the lipid core, thickness of the fibrous cap, inflammatory infiltrate (CD68 + and CD3 + markers) and the presence of intraplaque microvessels. For the CEUS, SWE and CTA, the following values for identifying plaque vulnerability were evaluated: sensitivity, specificity, accuracy, negative predictive value (NPV), positive predictive value (PPV) and Area under the curve (AUC). Cohen's kappa was used to evaluate the concordance between measurements in the different imaging methods. A p < 0.05 was considered statistically significant. Results At histology, 31 out of 43 plaques were identified as vulnerable because of the presence of at least one of the following criteria: fibrous cap < 200 μm, lipid core, intraplaque hemorrhage, inflammatory infiltrate or intraplaque neovascularization. CTA showed a sensitivity of 87.1%, a specificity of 100%, a PPV of 100%, an NPV of 75% and an AUC of 93.5%. SWE showed a sensitivity of 87.1%, a specificity of 66.7%, a PPV of 87.1%, an NPV of 66.7% and an AUC of 76.9%. CEUS showed a sensitivity of 87.1%, a specificity of 58.3%, a PPV of 84.4%, an NPV of 63.6% and an AUC of 72.7%. Conclusions Multiparametric ultrasound is an effective modality to obtain comprehensive information on carotid plaques. Further studies are needed to determine whether it can be considered a diagnostic standard.
Introduction
Stroke remains the second leading cause of death in Europe, accounting for 405,000 deaths (9%) in men and 583,000 (13%) deaths in women each year [1] , despite the recent reduction in incidence and mortality. Approximately, 7% of ischemic strokes are associated with extracranial carotid stenosis [2] . Many of these may be prevented by revascularization [3] .
The main parameter for determining which patients undergo surgical carotid revascularization is the percentage of luminal stenosis [3] , but evidence has shown a lack of information on plaque characteristics to be a major limitation [4] . In fact, some plaques are more prone to progression or rupture [5] , with a consequent increase in risk of ischemic symptoms. The so-called "vulnerability" of the plaque is linked to numerous histological patterns, such as the lipid core, the thickness of the fibrous cap and the presence of inflammatory infiltrate, intraplaque hemorrhage, ulcerations and intraplaque neovascularization (IPN) [5] .
Ultrasound is usually the first imaging modality for assessing the presence of carotid plaques and is used as well for the follow-up of known atheromas. Nevertheless, despite the recent development of several ultrasonographic tools, none of these are currently used in the clinical routine. These new techniques, such as contrast-enhanced ultrasound (CEUS) [6] [7] [8] and elastography [9, 10] , may help to characterize plaques as "stable" or "vulnerable". This would add a new type of clinical information to ultrasound examination that is still focused only on establishing the grade of stenosis. The aim of this study was to assess the diagnostic effectiveness of Multiparametric Ultrasound, which includes CEUS and Shear wave elastography (SWE), for evaluating carotid plaque as compared with CT-angiography (CTA) and histology.
Materials and methods
Forty-three consecutive patients scheduled to undergo carotid endarterectomy between June 2016 and September 2017 at the Department of Surgery "Pietro Valdoni", Sapienza University, Rome, Italy were included in the study. It was approved by the Ethical Committee of the "Sapienza" University of Rome, in accordance with the Helsinki Declaration and the Guideline for Good Clinical Practice. Before beginning the study, all participants provided written informed consent for intervention.
All patients underwent Multiparametric Ultrasound, then, after periods ranging from 2 days to 2 weeks, underwent CTA.
Multiparametric Ultrasounds were performed with highend equipment (Toshiba Aplio 500, Japan) by one radiologist, with 14 years of experience with CEUS and 8 years of experience with US-elastography, using a 5-14 MHz linear array transducer. Another radiologist, blinded to clinical information and Ultrasound reports, reviewed the CTA imaging.
Diagnostic modality
US and CDUS Patients were laid down in a supine position with a pillow under their shoulders to allow neck hyperextension. Axial and longitudinal sonograms were acquired in order to judge the grade of stenosis and to characterize the morphology of the plaque.
Elastography SWE was performed immediately after US with the same US unit and linear array probe; to obtain a quantitative evaluation (in kPa), proprietary elasticity software was used. For SWE, the operator placed the transducer perpendicular to the plaque without pressure, maintaining only slight contact with the skin in order to minimize compression artifacts, and kept it stable and motionless for about 3 s to allow measurements.
In this technique, the probe produces push pulse that generates downward displacement, which can be tracked by color Doppler to measure shear wave propagation speed. The ROI for measurement was positioned within the plaque. This system represents in real time the elasticity and speed by means of colorimetric map within the elastographic box. Then, the measurement of the absolute stiffness of the ROI in kPa is available. The system also features a quality control map that shows the shear wave propagation as wave-front lines. Putting the ROI when the lines are parallel to each other may help to achieve more reliable measurement; however, if the lines are distorted or lacking due to artifacts, measurement may need to be repeated.
US images, significant SWE frames and cine loops were saved to the local picture archive and communication system (PACS).
Hardness of the plaque was expressed by a three-grade scale: (1) Contrast-enhanced ultrasound (CEUS) CEUS was performed after the bolus injection of 1.2 ml of SonoVue (Bracco, Milan, Italy) through a 20-gauge cannula into an antecubital vein, followed by a 10-ml saline flush. The carotid plaque was scanned to portray the whole plaque and surrounding arterial walls. The evaluation continued for at least 2 min, using a non-destructive US mode with low MI (MI 0.05-0.07). A video clip of the procedure was digitally recorded for further analysis.
Both quantitative and qualitative analyses were performed. For quantitative analysis, the curve of increased signal was analyzed after contrast bolus and expressed as a ratio compared with the enhancement within the adjacent normal carotid wall. For qualitative analysis, a scale from 1 to 3 was used: (1) absence of contrast enhancement, (2) enhancement confined to the adventitial or peripheral region of the plaque, and (3) diffuse intraplaque contrast enhancement. The percentage of lipid core and the possible presence of ulcerations and adventitial angiogenesis were evaluated as well.
CTA The exam was carried out with Somatom 64 (Siemens, Erlangen, Germany). A two-phase CT protocol was used, with a pre-contrast phase and an arterial phase (started with bolus tracking), using 130 mL of the non-ionic contrast agent Iomeron (Bracco, Milan, Italy) at 4 mL/s. The other scanning parameters were: 1.2 mm acquisition; reconstruction with a soft-margin kernel algorithm (B30) at 1.5 and 3 mm; pre-contrast scans at a lowpower tube (120 mAs); the arterial phase at 120 kVp and 200 mAs. Coronal and oblique reconstructions along the longitudinal axis of carotids were obtained. CT images were analyzed on a dedicated workstation (Aquarius, TeraRecon, San Mateo, Ca) using traditional post-processing techniques.
We considered as vulnerable those plaques that showed at least one of the following criteria: (1) absence of calcifications accounting for > 50% of the plaque; (2) negative HU values at pre-contrast CT scan; (3) > 20 HU enhancement in post-contrast CT scan. Fig. 1 a At baseline US, a mainly calcified plaque was detected at right carotid bifurcation. b SWE quality control shows that the sampling was done correctly. c SWE confirms that it is a hard plaque (93.7 kPa). d, e CEUS in axial and longitudinal view allows a clear evaluation of the grade of stenosis; no significant focus of contrast enhancement is visible within the plaque; an ulceration is visible (better seen in longitudinal sonogram). f, g CTA in axial and sagittal (MIP) view; plaque is mixed, ulceration is confirmed; no significant contrast enhancement is detected
Histological exam
The atherosclerotic plaques removed during carotid surgery were sent for histological analyses. Particular care was given, during surgery, to remove the plaque as a single fragment to facilitate the analysis. We evaluated 4 aspects: extension of the lipid core, thickness of the fibrous cap, inflammatory infiltrate (CD68 + or CD3 + markers) and the presence of intraplaque microvessels. Lipid core was categorized with a 4-grade scale: (1) absent; (2) minimal; (3) moderate; (4) extensive. For the presence of inflammatory cellular lines (CD68 + and CD3 +), we also used a 4-grade scale: (1) absence; (2) minimally represented; (3) moderately represented; (4) extensively represented. In this scale, grades 1 and 2 define a low inflammatory infiltrate, while grades 3 and 4 define a high inflammatory infiltrate. A fibrous cap thickness of less than 200 μm was considered thin. Microvessels were evaluated as area and percentage in 5 fields occupied by CD34 +.
Statistical analysis
Statistical analysis was performed to evaluate the accuracy of the different techniques to identify patterns of vulnerability of the atherosclerotic plaque. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and area under the curve (AUC) were calculated for this purpose. Differences between AUCs of different imaging methods were evaluated using the Bonferroni test. Cohen's kappa was used to evaluate the concordance between the measurements in the different imaging methods. A pV < 0.05 was considered statistically significant. Statistical analysis was carried out with Stata software (Stata v. 15, Statacorp LLC, College Station TX, USA).
Results
Thirty-one out of 43 surgically removed plaques were found to be vulnerable: 13 because of the presence of a lipid core (nine moderate; four extensive); 11 because of the presence of high-grade inflammatory infiltrate (seven moderate; four extensive); ten because of significant amounts of microvessels; and nine for the presence of intraplaque hemorrhage.
No side effects due to the diagnostic methods were registered. Fig. 2 a At CDUS and pulsed wave Doppler ultrasound a soft plaque is detected at right carotid bifurcation, extending to the proximal tract of internal carotid artery; it is an hemodynamically significant stenosis causing a strong increase of peak systolic velocity. b SWE confirms it is a soft plaque (12.4 kPa); quality control confirms that the sampling was done correctly. c CEUS in longitudinal view confirms the high-grade stenosis; no significant focus of contrast enhancement is visible within the plaque; no ulcerations are seen along the border of the plaque
Accuracy of CTA
Twenty-seven out of 43 plaques were considered vulnerable at CTA and all of these specimens were confirmed at histology. Four vulnerable plaques were not detected by CTA. There were no false-positive cases.
These results determined a sensitivity of 87.1% (95% CI 70.2-96.4%), a specificity of 100% (95% CI 73.5-100%), a PPV of 100% (95% CI 87.2-100%) and an NPV of 75.0% (95% CI 47.6-92.7%). AUC was 93.5% (87.6-99.5%). 
Accuracy of SWE

Accuracy of CEUS
Thirty-two out of the 43 plaques demonstrated contrast enhancement and histologic vulnerability criteria; out of these, 31 were confirmed at Histology. Conversely, in the absence of plaque enhancement, only four plaques were found to be vulnerable at histology.
These results determined a sensitivity of 87.1% (95% CI 70.2-96.4%), a specificity of 58.3% (95% CI 27.7-84.8%), a PPV of 84.4% (95% CI 67.2-94.7%) and an NPV of 63.6% (95% CI 30.8-89.1%), with a total AUC of 72.7% (95% CI 57.0-88.5%). A higher level of agreement was found between CTA and SWE (81.4%, k = 0.58; pV < 0.001), while a lower level was found between CTA and CEUS (74.4%, k = 0.42; pV = 0.002). Figure 3 presents the results.
Discussion
In recent years, the vulnerability features of atherosclerotic plaque have been extensively studied [11] [12] [13] . These have been proved to represent reliable markers of intraplaque events that possibly lead to stroke and myocardial infarction. Neovascularization, inflammation, thin fibrous cap, lipid core and intraplaque hemorrhage are all considered causes of plaque vulnerability [12, 14] . This research led to the development of non-invasive systems aimed at detecting and stratifying the risk of plaque instability.
SWE is an elastographic dynamic method that applies a directional force to the tissue to cause shear deformation that propagates as a shear wave [9, 10] .
Shear wave speed measurement, calculated through modulus G, allows judging a tissue's stiffness. Plaque composition, such as fibrous cap and lipid core, affects the elastic properties of the plaque itself, implying that elasticity plays an important role in determining vulnerability [15] . In our study, we used SWE to measure plaque stiffness to evaluate a possible correlation between soft plaques and the presence of a lipid core at CTA and histology. Our results show a high concordance of 81.4% between SWE and CTA.
Thus, although SWE has been proven efficient in solid lesion evaluation, such as for thyroid nodules [16] , it may be heavily affected by artifacts when the shear wave transits through a liquid medium such as arterial blood.
CEUS is a well-established method for assessing vascularization, with several clinical applications (e.g., neoplastic lesion, blunt trauma, inflammation, aortic endoleaks after EVAR [17] [18] [19] ). Since plaque neovascularization is a consistent feature of vulnerable plaques [13, [20] [21] [22] [23] [24] , we assessed the correlation between contrastographic enhancement in atheromas with neovascularization and inflammatory processes. CEUS-defined neovascularization was obtained comparing enhancement intensity with the number of microvessels per field at histology. A high grade of contrast enhancement also seems to be related to a significant inflammatory infiltrate. Even if SonoVue is a blood pool agent, meaning that microbubbles do not diffuse in the extravascular space [25, 26] , Hoogi [27, 28] demonstrated an indirect correlation between contrast enhancement and the degree of inflammatory infiltrate. However, other studies, such as Li's [29] , failed to show a correlation between contrast enhancement and inflammatory infiltration (CD68). In our study, 71% of plaques with a high-grade CD3 + infiltrate and 63.6% of plaques with a high-grade CD68 + infiltrate showed significant contrast enhancement. Nevertheless, we also found that 28.6% of plaques with CD3 + high-grade infiltrate and 19% of plaques with CD 68 + high grade infiltrate did not show contrast enhancement, resulting in falsenegative patients when using CEUS.
Our study confirms the presence of a significant correlation between contrast enhancement grade and neovascularization in plaques, although a higher level of agreement was found between CTA and SWE.
The visual discrete scoring system, used to determine CEUS contrast, correlates well with histologic examination for plaque neovascularization [27] . It is easy to learn and apply, and does not require any special equipment or software. However, because of its subjective nature, this technique is obviously prone to inter-observer variability, so it needs to be further assessed.
Our results show that SWE and CEUS are sensitive (87.1% and 87.1%, respectively) at detecting vulnerable plaques, which is comparable to CTA (87.1%); nevertheless, the diagnostic performances of both SWE and CEUS have a higher number of false positive cases, which leads to a lower specificity (66.7% and 58.3%, respectively) in comparison to CTA (100%).
Conclusions
Multiparametric ultrasound is a safe and effective modality to obtain comprehensive information on carotid plaques. Further studies are needed to determine whether it can be considered a diagnostic standard in cases where the evaluation of plaque stability can have a pivotal role in deciding if a patient must undergo surgery or not.
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